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Abstract
The cytochrome bf complex, which links electron transfer from photosystem II to photosystem I in oxygenic
photosynthesis, has not been amenable to site-directed mutagenesis in cyanobacteria. Using the cyanobacterium
Synechococcus sp. PCC 7002, we have successfully modified the cytochrome b6 subunit of the cytochrome bf complex.
Single amino acid substitutions in cytochrome b6 at the positions D148, A154, and S159 revealed altered binding of the
quinol-oxidation inhibitors 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone (DBMIB), myxothiazol, and stigmatellin.
Cytochrome bf and mitochondrial-type cytochrome bc1 complexes are closely related in structure and function but exhibit
quite different inhibitor specificities. Cytochrome bf complexes are insensitive to myxothiazol and sensitive to DBMIB,
whereas cytochrome bc1 complexes are sensitive to myxothiazol and relatively insensitive to DBMIB. Measurements of flash-
induced and steady-state electron transfer rates through the cytochrome bf complex revealed increased resistance to DBMIB
in the mutants A154G and S159A, increased resistance to stigmatellin in A154G, and created sensitivity to myxothiazol in the
mutant D148G. Therefore these mutations made the cytochrome bf complex more like the cytochrome bc1 complex. This
work demonstrates that cyanobacteria can be used as effective models to investigate structure^function relationships in the
cytochrome bf complex. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
In chloroplasts and cyanobacteria the cytochrome
bf complex links the photosystem II and photosys-
tem I reaction centers by transferring electrons from
plastoquinol to either plastocyanin or Cyt c6 (re-
viewed in [1,2]). The oxidation of plastoquinol by
the complex is a key rate-limiting reaction in photo-
synthetic electron transport [3,4], which under some
conditions limits CO2 ¢xation in plants [5]. The com-
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plex is membrane bound, and consists of four major
polypeptides (Cyt b6, subunit IV, the Rieske Fe-S
protein, and Cyt f) and a variable number of low
molecular mass subunits ([6] and other references
therein). Bound to the complex are four prosthetic
groups (two b-hemes, a c-heme, and a 2Fe-2S cen-
ter), one chlorophyll, and one carotenoid [7,8]. The
Cyt bf complex is closely related to the Cyt bc1 com-
plex of mitochondria and many bacteria, which also
depends on two b-hemes, a Rieske Fe-S center, and
Cyt c1, to oxidize quinol and reduce a soluble c-type
cytochrome [9]. Unique functions of Cyt bf com-
plexes include redox sensing and signaling in the re-
distribution of light energy between the two photo-
systems [10].
Electron transfer through the Cyt bf complex is
coupled to proton translocation across the mem-
brane and the creation of a transmembrane electrical
potential required for cyclic as well as noncyclic
phosphorylation. The catalytic activity of the Cyt
bf complex is complicated and remains controversial
[2,11,12]. The most widely accepted mechanism is the
Q-cycle proposed by Mitchell [13] which requires two
separate quinone binding sites, one for quinol-oxida-
tion (QO) and one for quinone reduction (QR) (re-
viewed in [9]). According to this model, a quinol
molecule (QH2) binds to the QO-site and is oxidized
in a concerted, two-step process. Proton transloca-
tion results from deprotonation of a quinol at the
QO-site on the positive side of the membrane, and
protonation of the quinone at the QR-site on the
negative side of the membrane. The Q-cycle mecha-
nism is well supported in Cyt bc1 complexes. How-
ever, the data for the Cyt bf complex are less con-
vincing and questions concerning the order of
electron extraction from quinol and alternative
mechanisms for charge translocation across the
membrane remain open [2,12,14,15].
Cyt bf and bc1 complexes di¡er in their response to
a number of inhibitors (reviewed in [1]). Antimycin A
is a potent inhibitor of the QR-site in Cyt bc1 com-
plexes, but not of Cyt bf complexes. Myxothiazol
and other (E)-L-methoxyacrylate inhibitors e¡ec-
tively block quinol-oxidation in Cyt bc1, but not in
bf cytochrome complexes [16]. DBMIB [17] and
DNP-INT [18] inhibit quinol-oxidation in Cyt bf
complexes, but react only weakly with Cyt bc1 com-
plexes [19]. UHDBT [20,21] and stigmatellin [22] pre-
vent quinol-oxidation in both Cyt bf and Cyt bc1
complexes.
Structures for the extrinsic domains of Cyt f from
turnip [23] and the Rieske protein from spinach [24]
have been solved, as have the entire Cyt bc1 com-
plexes from bovine [25] and chicken [26] mitochon-
dria. The Cyt bc1 structures support earlier muta-
tional studies that identi¢ed amino acids important
for quinone and inhibitor binding (reviewed by [27]).
Interestingly, the Rieske 2Fe-2S protein assumes dif-
ferent conformations in bc1 complexes co-crystallized
with inhibitors, which suggested a unique movement
of the Rieske Fe-S domain during catalysis [26,28].
The inhibitor stigmatellin locks the Rieske cluster in
a ‘proximal’ position close to the QO-site of Cyt b
[26,28] consistent with previous spectroscopic [29]
and mutagenesis [30] studies. Recent ¢ndings suggest
similar and perhaps even more extensive conforma-
tional changes in the Cyt bf enzyme [31,32]. Genetic
studies of Cyt bf complexes have only recently be-
come possible and structural data are lacking. How-
ever, comparisons with Cyt bc1 sequences indicate
domains with likely roles in quinone and inhibitor
binding.
To understand the basis for inhibitor binding and
speci¢city in Cyt bf complexes, we have created sev-
eral site-directed mutations in the predicted Cyt b6
QO domain in the cyanobacterium Synechococcus sp.
PCC 7002. The residues D148, A154, and S159, cor-
responding to sites previously identi¢ed in the Cyt
bc1 complex as determinants of inhibitor binding
[33,34], were chosen as targets for mutagenesis. Be-
cause of their prokaryotic genome, rapid growth
rate, and amenability to spectroscopic analyses, cya-
nobacteria have been used extensively for mutational
characterizations of the PSII and PSI reaction cen-
ters [35]. However, the Cyt bf complex of cyanobac-
teria has been less amenable to analysis because it is
required for respiration as well as photosynthesis (re-
viewed in [1]). We have used homologous gene re-
placement to introduce Cyt b6 mutations that al-
lowed photosynthetic growth, but assembled altered
Cyt bf complexes. Characterization of Cyt b6 mu-
tants by time-resolved absorption spectroscopy and
steady-state electron transport rates showed that the
replacement of Asp at position 148 by Gly (D148G)
created myxothiazol sensitivity. Substitutions A154G
and S159A increased resistance to DBMIB and
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A154G increased resistance to stigmatellin. These
data identify residues in the Cyt bf complex impor-
tant for inhibitor and quinol binding and demon-
strate that inhibitor speci¢city may be altered by di-
rected mutagenesis of Cyt b6 without impairing the
catalytic activity of the enzyme.
2. Materials and methods
2.1. Cyanobacterial cultures
Stock cultures of Synechococcus sp. PCC 7002
were grown under cool white £uorescent lamps
(20^30 Wmol photons m32 s31) at 30‡C in Medium
A [36], supplemented as needed with streptomycin
(Sm) and spectinomycin (Sp) at 50 Wg/ml. For
growth rate determinations, mid-log phase cells
were inoculated into Medium A (bubbled with 1%
CO2 in air) and incubated at 39‡C and 200 Wmol
photons m32 s31 light intensity. Cell density was
determined by direct turbidity measurements on 18
mm diameter culture tubes in a Spectronic 20D spec-
trophotometer (Milton Roy, Rochester, NY, USA).
Cultures for assays were grown at 39‡C and 200
Wmol photons m32 s31 light intensity and harvested
at mid-log phase. Chlorophyll concentrations were
determined as described in [37].
2.2. Bacterial strains, DNA manipulations, and
reagents
Escherichia coli strains were grown at 37‡C in LB,
TYP, or MS/glu/thi (minimal salts, 1% glucose, 0.1
mg/ml thiamine) broth or 1.2% agar media supple-
mented as needed with 150 Wg/ml of ampicillin (Ap),
15 Wg/ml tetracycline (Tc), or 25 Wg/ml each of Sm
and Sp [38]. Plasmids were introduced into E. coli by
electroporation in 0.2 cm gap cuvettes in a Gene
Pulser apparatus (Bio-Rad, Richmond, CA, USA)
at 12 kV/cm (25 WF and 200 settings). DNA proce-
dures were performed as in [38]. Plasmids were puri-
¢ed on Qiagen-tip (Qiagen, Chatsworth, CA, USA)
or Wizard (Promega, Madison, WI, USA) columns.
DBMIB and myxothiazol were purchased from Sig-
ma (St. Louis, MO, USA) and stigmatellin from Flu-
ka (Ronkonkoma, NY, USA).
2.3. Oligonucleotides, plasmid construction, and
site-directed mutagenesis
Oligonucleotides for site-directed mutagenesis of
the Synechococcus petB gene for Cyt b6 are shown
in Table 1. Each mutagenic primer created a new
restriction site as a marker for mutant allele detec-
tion. Oligonucleotides were synthesized on an Ap-
plied Biosystems model 392 DNA synthesizer as de-
scribed previously [39]. Plasmid pA6.2 shown in Fig.
1A was constructed for site-directed mutagenesis of
the Synechococcus petBD genes. A 1.4 kb PvuI DNA
fragment containing the Synechococcus petBD oper-
on [40] was used as a hybridization probe to isolate a
4.2 kb EcoRI/BglII petBD Synechococcus genomic
DNA fragment. The 4.2 kb petBD fragment was li-
gated to EcoRI/BamHI digested plasmid pBR322. A
2.0 kb ‘6’ cassette encoding Sm/Sp resistance genes
[41] was inserted into the HindIII site 1.3 kb up-
stream of the petB gene. The resulting 6.2 kb petBD
DNA fragment bearing the Sm/Sp genes was excised
with EcoRI/SalI and ligated to EcoRI/SalI digested
plasmid pALTER-1 (Promega, Madison, WI, USA)
to create plasmid pA6.2. Transformation of Synecho-
Table 1
Mutagenic oligonucleotidesa
Amino acid
substitution in Cyt b6
Oligonucleotide Restriction
site
A56sA (GCcsGCg) 5P-CCAGTTCG/CgACTGGATTCGC-3P BstUI
D148sG (CCtTGGGaCsCCaTGGGgC) 5P-TTACTCCTTGCC/aTGGGgCCAAGTTGGTTAC-3P NcoI
A154sG (GcAGTcsGgAGTt) 5P-TTGGTTACTGGGgAGT/tAAGATTGTGTC-3P MseI
S159sA (tCTGGtsgCTGGg) 5P-GTCAAGATTGTGgCTGGgGTAC/CTGCGGCG-3P KpnI
H209sQ (CAcsCAa) 5P-TCATGTTGGCCCAaTTCCTCATGATaC/GTAAGCAAGG-3P SnaBI
aLower-case letters show altered bases. Codons altered by mutagenesis are shown in parentheses. Underlining de¢nes new codons in
the oligonucleotides and slashes indicate the position of newly created restriction endonuclease cleavage sites.
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coccus with plasmid pA6.2 (a nonreplicating vector
in cyanobacteria) and selection for Sm/Sp resistance
forces integration into the genome of the Sp/Sm re-
sistance cassette and £anking petBD sequences (Fig.
1B). In the absence of selection against the intro-
duced allele, segregants can be obtained that are ho-
mogenic for mutant petB alleles. The Sm/Sp cassette
integrates into the genome and replaces the corre-
sponding wild-type region with no apparent inhibi-
tion of growth (R. Alsaadi and T. Kallas, unpub-
lished data). Oligonucleotide-directed mutagenesis
was performed on plasmid pA6.2 which allows anti-
biotic selection of mutant DNA. Phagemid particles
containing single-stranded pA6.2 DNA were pre-
pared by growth of E. coli JM109 (pA6.2) at 37‡C
in TYP/Tc broth and superinfection with M13KO7
helper phage. DNA templates were puri¢ed with
Wizard M13 single-stranded DNA puri¢cation re-
agents (Promega). Entire mutant^strand synthesis
mixtures were precipitated with ethanol, resuspended
in 4 Wl sterile H2O, electroporated into E. coli BMH
71-18 MutS [mutS: :Tn10] (Promega), and plated
onto LB/Ap/Sm/Sp plates to select colonies bearing
mutant plasmids. Mutant plasmids were transferred
into E. coli JM109 to ensure plasmid segregation and
prevent the accumulation of secondary mutations.
2.4. Transformation of Synechococcus and detection
of petB mutant alleles
Derivatives of plasmid pA6.2 carrying mutations
in petB were introduced into Synechococcus as de-
scribed in [36]. Brie£y, mid-log phase cells (0.9 ml)
in Medium A were mixed with 0.1 ml plasmid DNA
(ca. 1 Wg/ml) in 10 mM Tris^HCl (pH 7.5), 0.1 mM
EDTA (TE) bu¡er in a 15 ml polypropylene tube
and incubated 90 min (30^39‡C, 10^30 Wmol photons
m32 s31 light intensity). Portions (typically 0.2 ml)
were mixed with 2 ml Medium A and 2 ml 1.4%
molten agar and poured onto Medium A plates.
After 48 h incubation at moderate light intensity
(5^10 Wmol photons m32 s31), plates were overlaid
with a mixture of 2 ml Medium A, 2 ml 1.4% agar,
and Sm and Sp to provide ¢nal concentrations of 50
Wg/ml of each antibiotic per plate. After 7^10 days
incubation under standard growth conditions, Sm/
Sp-resistant transformants appeared and were re-
streaked several times onto fresh A/Sm/Sp plates to
obtain segregants. Primary cultures of mutant segre-
gants were concentrated 10-fold and stored in 30%
glycerol/Medium A at 380‡C.
DNA for PCR analysis was extracted as described
in [42]. Synechococcus cells taken from a single col-
ony or a liquid culture (10^20 Wl pellet volume) were
mixed with 20 Wl sterile H2O and then 20 Wl 100%
ethanol. After 1 min incubation, 200 Wl 5% Chelex-
100 (Bio-Rad, Hercules, CA, USA) was added and
the suspension mixed on a vortex mixer. This mix-
ture was boiled 5 min, then plunged into an ice bath,
mixed by vortex, and centrifuged at 14 000Ug and
4‡C for 5 min. DNA from the supernatant was used
in PCR reactions. Mutant and wild-type petB alleles
Fig. 1. Plasmid pA6.2 and strategy for site-directed mutagene-
sis. Panel A shows plasmid pA6.2. The region from EcoRI to
(BglII) contains the Synechococcus sp. PCC 7002 petBD operon
and £anking DNA (the actual BglII site was destroyed). An
Sm/Sp resistance cassette was inserted into the HindIII site. The
small (BglII)/SalI fragment is from plasmid pBR322 and the re-
maining SalI/EcoRI fragment from plasmid pALTER-1. The di-
amond marks a mutation in the defective Ap resistance (Ap-S)
gene that is repaired in the mutagenesis procedure. Panel B il-
lustrates recombination of plasmid pA6.2 DNA with the ho-
mologous petBD region of the Synechococcus genome and inte-
gration of the Sm/Sp marker and a mutation within petB.
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were detected on plasmid pA6.2 or in the Synecho-
coccus genome by one of two PCR methods. The
¢rst entailed ampli¢cation of a 1.2 kb fragment
of the petBD operon from a ‘forward’ (TK-1, 5P-
GACAGAGCAAGCTGTGTTAC) and a ‘reverse’
(TK-2, 5P-AGCCATCGCCACCGGACGAC) prim-
er followed by restriction endonuclease digestion
and gel analysis. Appearance of a new restriction
site encoded by a mutagenic primer constituted evi-
dence for the presence in petB of a closely linked
mutation (Table 1). The second method entailed
PCR ampli¢cation from allele-speci¢c ‘forward’
primers used together with a common, ‘reverse’
(TK-2) primer. The wild-type and mutation-detection
primers for each allele di¡ered at their 3P ends. For
example, the wild-type and D148G mutation-detec-
tion primers for codon 148 of petB were 5P-TT-
ACTCCTTGCCTTGGGa-3P and 5P-TTACTCCTT-
GCCaTGGGg-3P, respectively. Under stringent
annealing conditions, a ‘mutant’ primer set ampli¢es
only DNA from a speci¢c mutant allele and the cor-
responding ‘wild-type’ primer set ampli¢es only the
wild-type allele [43]. The genotypes of mutant petB
alleles in Synechococcus were con¢rmed by sequenc-
ing (performed by Genome Express, Paris, France)
of PCR products.
2.5. Time-resolved absorption spectroscopy and
steady-state electron transport measurements
Electron transport from plastoquinol to the Cyt bf
complex was monitored by measuring the rate of
reduction of Cyt f and Cyt c6 following a saturating
light pulse as described elsewhere [37]. Time-resolved
absorbance changes were measured in the K-band
region (530^570 nm) of the cytochromes. Saturating
actinic £ashes were 50^100 ms duration. To improve
the signal to noise ratio, measurements were aver-
aged with an interval between £ashes of 7^10 s. Cells
were suspended at 3^12 WM Chl in reaction medium
consisting of 5 mM HEPES (pH 7.5), 10 mM NaCl,
and 10 mM NaHCO3, at 39‡C. Prior to recording
data, samples were light adapted by exposure to a
series of saturating light £ashes. Inhibitors were
added from stock solutions immediately prior to
measurements.
Electron transport rates in intact cells were mea-
sured in saturating continuous light using a Clark-
type oxygen electrode as described elsewhere [37].
Cells were suspended at 11 WM Chl in a reaction
medium consisting of 5 mM HEPES (pH 7.5) and
10 mM NaCl, at 39‡C. Other additions are given in
the legends.
3. Results
3.1. Site-directed mutagenesis of the petB gene in
Synechococcus
In cyanobacteria the Cyt bf complex is required
for both photosynthetic and respiratory electron
transport (reviewed in [1]). Consequently, mutations
that prevent the assembly or function of the Cyt bf
complex are lethal. To develop a strategy for muta-
genesis of the Cyt bf complex in Synechococcus, we
introduced mutations into the Cyt b6-petB gene via
linkage with an upstream Sm/Sp resistance marker as
illustrated in Fig. 1. Mutations created in petB are
listed in Table 1 and the locations of modi¢ed amino
acids shown in Fig. 2. A silent, control mutation
Fig. 2. Membrane-spanning model of the Synechococcus Cyt b6
and subunit IV proteins and locations of amino acid substitu-
tions. Vertical boxes represent likely membrane-spanning heli-
ces. The negative (n) and positive (p) sides of the membrane
are indicated. Likely lumenal side helices with roles in quinol-
oxidation are modeled by homology with structures of Cyt bc1
complexes [25,26]. The boxed His residues represent the ligands
for the two b-hemes. Sites mutated in this study are bold and
the amino acid substitutions indicated.
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(A56A or BstUI) was made which introduces a new
BstUI restriction site into the petB gene but does not
alter the Cyt b6 protein. A second control mutation,
H209Q, was made which eliminates one of the li-
gands for heme bH. This modi¢cation is expected
to disrupt the Cyt bf complex [44].
Allele-speci¢c PCR tests of Synechococcus BstUI
transformants are shown in Fig. 3. BstUI muta-
tion-detection primers ampli¢ed an 0.93 kb petBD
DNA fragment from a ‘BstUI’ transformant (Fig.
3B, lane 3) but not from wild-type cells (Fig. 3B,
lane 5). The corresponding wild-type primers ampli-
¢ed DNA only from wild-type cells (Fig. 3B, lanes 2
and 4). These data demonstrate the speci¢city of the
allele-speci¢c PCR test and integration into the ge-
nome of a silent mutation in petB with replacement
of the wild-type allele. In contrast, both the wild-type
primers for position 209 (Fig. 3C, lane 2) and the
H209Q mutation-detection primers (Fig. 3C, lane 3)
ampli¢ed DNA from a Synechococcus H209Q trans-
formant. As expected, the petB H209Q mutation in-
activates the Cyt bf complex and cells carrying this
mutation grow only if they retain copies of the wild-
type allele (note that cyanobacteria typically carry
multiple copies of their genome). These results
show that mutations can be readily introduced into
genes for the Cyt bf complex of Synechococcus and
that deleterious mutations are detected as nonsegre-
gants.
3.2. Genetic characterization of QO-site mutations in
cytochrome b6
Three Synechococcus mutants were created that
Fig. 3. Allele-speci¢c PCR analysis of the petB BstUI, H209Q, and D148G mutations in Synechococcus transformants. Panel A: Map
of the petBD operon showing sites for allele-speci¢c PCR primers and sizes (in kb) of the expected ampli¢cation products. Panel B:
Stained gel of PCR reactions of Synechococcus BstUI (lanes 2 and 3) and wild-type (lanes 4 and 5) DNAs ampli¢ed from the wild-
type (codon 56) (lanes 2 and 4) or BstUI mutant allele detection (lanes 3 and 5) primer sets. Panel C: PCR reactions of Synechococ-
cus H209Q (lanes 2 and 3) and wild-type (lanes 4 and 5) DNAs ampli¢ed from the wild-type (codon 209) (lanes 2 and 4) or H209Q
mutant allele detection (lanes 3 and 5) primer sets. Panel D: PCR reactions of Synechococcus D148G (lanes 2 and 3) and wild-type
(lanes 4 and 5) DNAs ampli¢ed from the wild-type (codon 148) (lanes 2 and 4) or D148G mutant allele detection (lanes 3 and 5)
primer sets. Lanes 1 of panels B^D show size standards.
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carry speci¢c modi¢cations in the predicted QO do-
main of Cyt b6 (Table 1 and Fig. 2). Fig. 3D shows
an allele-speci¢c PCR test of the D148G transform-
ant. Only the D148G mutation-detection primers
produced the expected 0.66 kb DNA fragment (Fig.
3D, lane 3) whereas the corresponding wild-type
primers failed to amplify (Fig. 3D, lane 2). Wild-
type DNA was ampli¢ed from the wild-type (Fig.
3D, lane 4) but not the D148G detection (Fig. 3D,
lane 5) primers. Similar allele-speci¢c PCR tests, or
the detection of restriction sites associated with site-
directed mutations, provided evidence for integration
into the genome of the petB A154G and S159A mu-
tations (data not shown). The QO-site mutations in
Synechococcus were con¢rmed by DNA sequencing
of PCR products (data not shown). The sequence
data further showed that there were no unexpected,
second-site mutations in £anking regions of petB
or petD encoding the lumenal cd1, cd2, and ef loops
of the quinol binding domain. These results dem-
onstrate that mutations in petB that modify Cyt
b6 integrated into the Synechococcus genome and
that wild-type petB alleles were lost through segrega-
tion.
3.3. Growth of the Synechococcus mutants
The Cyt b6 Qo-site mutants (D148G, A154G, and
S159A), the BstUI control strain, and the wild-type,
grew photoautotrophically at similar rates. Exponen-
tial growth rates were approximately 0.16 h31 (dou-
bling time ca. 4 h) for cells grown at 39‡C, 200 Wmol
photons m32 s31 light intensity, and 1% CO2 atmo-
sphere (data not shown). Cells grown in the presence
of the inhibitor DBMIB at 5 WM showed a lag in
growth that varied among the di¡erent strains. The
petB S159A mutant resumed growth sooner than did
the wild-type, BstUI, or the other mutant strains.
Because DBMIB becomes chemically modi¢ed and
inactivated in the light (A. Trebst, personal commu-
nication), the onset of growth should occur after the
DBMIB concentration has fallen below an inhibitory
threshold, which is dependent on DBMIB binding
a⁄nity to the QO-site. These data indicated that
the S159A substitution in Cyt b6 confers DBMIB
resistance. In the presence of stigmatellin or myxo-
thiazol there were no consistent di¡erences in growth
patterns among the strains.
3.4. Cytochrome f/c6 reduction kinetics
Plastoquinol-oxidation by the Cyt bf complex in-
volves a branched pathway. The ¢rst electron leaves
plastoquinol and is transferred to a high-potential
chain (Rieske Fe-S center, to Cyt f and then to Cyt
c6), while the second electron is transferred to the
Cyt bL-heme near the QO-site. The rate of electron
£ow through the complex can be determined by mea-
suring the rate of Cyt f (or Cytc6) reduction after a
long £ash [37]. The technique depends on the obser-
vation that the Rieske Fe-S center, Cyt f and Cyt c6
are reduced in the dark, and upon illumination by
continuous light become oxidized by P700 of photo-
system I. The oxidation of the Rieske Fe-S center
initiates the oxidation of plastoquinol. Because plas-
toquinol-oxidation is the slowest step in this series of
reactions, the Rieske Fe-S center, Cyt f, Cyt c6, and
P700 remain oxidized in the light, while the plasto-
quinone pool is mostly reduced. When the light is
turned o¡, plastoquinol-oxidation drives the reduc-
tion of the Rieske Fe-S center, Cyt f, Cyt c6, and
P700. Under these conditions the dark reduction ki-
netics of Cyt f and Cyt c6 following a £ash reveal the
rate of plastoquinol-oxidation. This technique has
been used previously to characterize QO-site inhibi-
tors [45]. Fig. 4 shows the absorbance change from
540 to 570 nm in intact cells of the wild-type and
Fig. 4. Spectra of light-induced absorbance changes of Synecho-
coccus cells showing the dark reduction of Cyt f and Cyt c6 fol-
lowing a £ash. Intact cells of wild-type (closed circles) and mu-
tant D148G (open squares) strains were suspended at a
chlorophyll concentration of 10 WM and kept at 24‡C for mea-
surements. The duration of the light £ash was 100 ms. Further
experimental details are given in the text.
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D148G mutant of Synechococcus induced by a 100
ms £ash. These spectra show that the absorbance
increase following a £ash is made up of contributions
from Cyt f (K-band maximum at 556 nm in Synecho-
coccus sp. PCC 7002) and Cyt c6 (K-band maximum
at 553 nm in Synechococcus) (F. Baymann and T.
Kallas, unpublished data). Mutant strains BstUI,
A154G and S159A gave similar spectra.
3.5. E¡ect of inhibitors on reduction rate of Cyt f/c6
in the cytochrome b6 mutants
To compare the inhibitor sensitivity of the Cyt bf
complex in wild-type and mutant cells we measured
the rate of Cyt f/c6 reduction in the presence of
DBMIB, stigmatellin, or myxothiazol. The kinetics
of electron £ow to Cyt f/c6 were measured by the
absorbance increase at 557 minus 540 nm following
a 100 ms £ash in intact cells. A typical experiment is
shown in Fig. 5 for the mutant strains BstUI and
S159A. In the absence of inhibitors, the BstUI and
S159A mutants showed comparable Cyt f/c6 reduc-
tion kinetics with half-times of 9 þ 2, and 12 þ 2 ms,
respectively (Fig. 5A). We observed similar rates for
wild-type (t1=2 = 9 þ 2 ms) cells and for the mutants
D148G and A154G (t1=2 = 11^12 þ 2 ms) (data not
shown). The e¡ect of DBMIB on the reduction ki-
netics of Cyt f and c6 are shown in Fig. 5B. In the
BstUI mutant, which contains native Cyt bf complex,
DBMIB at 2 WM e¡ectively inhibited Cyt f/c6 reduc-
tion, slowing the half-time to 300 þ 30 ms. However,
in the mutant S159A, DBMIB at the same concen-
tration was less e¡ective (t1=2 = 125 þ 20 ms) indicat-
ing that the S159A substitution in Cyt b6 provides
resistance to DBMIB.
To investigate the e¡ect of DBMIB on the Cyt b6
QO-site mutations in more detail, we measured Cyt
f/c6 reduction kinetics as a function of DBMIB con-
centration in the wild-type, BstUI control, and
D148G, A154G, and S159A mutant cells (Fig. 6).
The impact of DBMIB on wild-type, BstUI, and
D148G cells was essentially the same, indicating
that neither the insertion of the Sm/Sp resistance
cassette upstream of petB (in the BstUI control and
in all of the mutants), nor the D148G substitution in
Cyt b6, in£uenced DBMIB binding or sensitivity. In
contrast, the reduction rate of Cyt f/c6 in the A154G
and S159A mutants was less sensitive to DBMIB
than in the control strains. Comparisons of the con-
centration of DBMIB required for 50% inhibition of
Cyt f/c6 reduction are given in Table 2. All strains
were measured at comparable chlorophyll concentra-
tions and exhibited similar Cyt f/c6 to chlorophyll
ratios. These data provide evidence that the amino
acid substitutions A154G and S159A in the Cyt b6
protein of Synechococcus confer increased resistance
to the quinone-analog DBMIB.
The results of similar experiments with the inhib-
itors myxothiazol and stigmatellin are summarized in
Table 2. The wild-type, BstUI, and the A154G and
S159A mutants were completely insensitive to myx-
othiazol up to a concentration of 20 WM. In contrast
Fig. 5. Kinetics of light-induced absorbance changes of Syne-
chococcus cells at 557 nm. Panel A shows the BstUI control
and the S159A mutant strains in the absence of inhibitor. Panel
B shows the same strains in the presence of 2 WM DBMIB.
Cells were suspended at chlorophyll concentrations of 3.7
(BstUI) and 4 WM (S159A) and kept at 39‡C for measurements.
Flash-induced absorbance changes were measured at 557 nm
minus 540 nm. The arrows ‘ON’ and ‘OFF’ mark the duration
of the actinic £ash. Further experimental details are given in
the text.
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the D148G mutant exhibited increased sensitivity to
myxothiazol, showing 50% inhibition of the rate of
Cyt f/c6 reduction at 20 WM. The wild-type, BstUI
control, and the D148G and S159A mutants all
showed sensitivity to stigmatellin with I50 values
not signi¢cantly di¡erent from 4 WM for inhibition
of £ash-induced Cyt f/c6 reduction (Table 2). The
A154G mutation conferred a small but statistically
signi¢cant increase in stigmatellin resistance
(I50 = 7.0 þ 0.8 WM, Table 2).
3.6. E¡ect of DBMIB on the rate of steady-state
photosynthetic electron transport
Fig. 7 shows the e¡ect of DBMIB on the partial
electron transport reaction from duroquinol to meth-
ylviologen in control and mutant cells. In this reac-
tion duroquinol serves as the electron donor to the
Cyt bf complex and methylviologen serves as the
electron acceptor [37]. Wild-type, BstUI control,
and D148G mutant strains exhibited similar sensitiv-
Fig. 7. Steady-state electron transport rates in Synechococcus
petB mutants as a function of DBMIB concentration. Oxygen
uptake measurements were performed at 39‡C under saturating
actinic light as described in Section 2. Duroquinol was the elec-
tron donor for the cytochrome bf complex and methylviologen
the electron acceptor. Symbols: wild-type (open diamonds),
BstUI (closed circles), D148G (closed triangles), A154G (open
triangles), and S159A (open circles). The rates (Wmol O2 mg
Chl31 h31) without inhibitor were: wild-type, 480; BstUI, 520;
D148G, 370; A154G, 480; and S159A, 390. Values for each
strain were normalized relative to these maximal (100%) rates.
Cells were suspended at a chlorophyll concentration of 11 WM.
Table 2
I50 values for inhibition of £ash-induced cytochrome f/c6 reduction in Synechococcus mutantsa
I50 (WM)
BstUI D148G A154G S159A
DBMIB 0.16 þ 0.02 0.21 þ 0.02 0.50 þ 0.05 0.40 þ 0.04
Myxothiazol insensitive 20 insensitive insensitive
Stigmatellin 4.0 þ 0.1 5.2 þ 1.4 7.0 þ 0.8 4.0 þ 0.4
aI50 refers to the concentration of inhibitor required to slow the reaction rate to 50% of the control (uninhibited) rate for each strain.
Control rates, expressed as t1=2 (ms), were: BstUI (9 þ 2), D148G (11 þ 1), A154G (11 þ 1), and S159A (12 þ 2). I50 values of BstUI for
three inhibitors were not distinguishable from those of wild-type (data not shown). ‘Insensitive’ means not sensitive to myxothiazol at
concentrations at least as high as 20 WM. The uncertainties shown are the estimated error of the technique (ca. þ 10%) or the stan-
dard deviation.
Fig. 6. Cyt f/c6 reduction kinetics in Synechococcus petB mu-
tants as a function of DBMIB concentration. Flash-induced ab-
sorbance changes were measured at 557 nm minus 540 nm in
intact cells as shown in Fig. 5. Cells were suspended at a chlo-
rophyll concentration of 5 WM. The rate of electron transfer
following a £ash was determined at various concentrations of
DBMIB. In the absence of inhibitor the reduction half-times
were 9^11 ms. Values were normalized relative to the fastest re-
action kinetic ( = 100%) for each strain. Symbols: wild-type
(open diamonds), BstUI (closed circles), D148G (closed trian-
gles), A154G (open triangles), and S159A (open circles).
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ities to DBMIB, whereas the A154G and S159A mu-
tants were more resistant to DBMIB than the control
strains. These data show the same pattern of resis-
tance and con¢rm the data from £ash-induced Cyt
f/c6 kinetics in Fig. 6 and Table 2. Measurements of
whole chain (H2O to NaHCO3) electron transport in
control and mutant strains gave results similar to
those obtained for the duroquinol to methylviologen
reaction (data not shown). This pattern of behavior
from time-resolved and steady-state measurements is
consistent with involvement of residues A154 and
S159 of Cyt b6 in DBMIB binding.
4. Discussion
Our objective was to develop a strategy for di-
rected mutagenesis of the Cyt bf complex in a genet-
ically amenable cyanobacterium and to identify bind-
ing sites for quinone-analog inhibitors. Genetic
studies of the Cyt bf complex of cyanobacteria
have been limited by the obligate role of this enzyme
in both photosynthesis and respiration (reviewed in
[1]. We have shown here that mutations allowing the
assembly of functional complexes can be readily in-
troduced into the petB gene for Cyt b6 by linkage
with a nearby antibiotic resistance cartridge. A con-
trol strain (BstUI) of Synechococcus was created that
contained a silent mutation in petB and the same
antibiotic resistance cartridge present in the mutant
strains. The control strain was indistinguishable from
wild-type cells in growth and electron transport rates.
Mutation of histidine 209, an axial ligand for the
high-potential heme bH, resulted in merodiploid cells
carrying both the mutant H209Q and wild-type petB
alleles. Therefore the H209Q substitution in Cyt b6
prevented the assembly of functional Cyt bf com-
plexes as shown for substitutions of the heme-ligand-
ing, Cyt b6 His residues of Chlamydomonas reinhardt-
ii [44]. Our result is consistent with the critical role of
the Cyt bf complex in both photoautotrophic and
heterotrophic growth of cyanobacteria. In contrast,
several segregant, homogenic mutants (D148G,
A154G, and S159A) of Synechococcus were isolated
in which introduced, mutant petB alleles had re-
placed all wild-type petB alleles. In the absence of
inhibitors, these mutants grew photoautotrophically
at rates comparable to wild-type cells and exhibited
comparable electron transport activity of the Cyt bf
complex. The petB genotypes of these mutants were
stable as demonstrated by PCR analysis and DNA
sequencing.
The Cyt b6 mutations of Synechococcus provide
the ¢rst direct identi¢cation of residues of the Cyt
bf complex involved in inhibitor binding. The substi-
tution A154G or S159A increased resistance to the
quinone-analog DBMIB (Table 2, Figs. 6 and 7). It
was noted earlier that DBMIB binding to the Cyt bf
complex shifts the Rieske gy EPR signal from
g = 1.90 to g = 1.94 [29] and that a DBMIB semiqui-
none can be tightly coupled to the Rieske 2Fe-2S
cluster [46] and the quinol-oxidation pocket [47].
DBMIB does not alter the EPR spectrum of the
isolated Rieske protein indicating that the major
binding sites of DBMIB are in the Cyt b6 and sub-
unit IV polypeptides. Based on these considerations
and the Cyt bc1 structure [26], we have constructed a
model of the Cyt bf DBMIB binding domain shown
in Fig. 8. In Cyt bc1 complexes, the QO pocket is
formed by the ends of transmembrane helices C, D,
and E, the cd loop containing the helices cd1 and
cd2, and by the ef loop containing a small helix
and the highly conserved PEWY residues [25,26]. Se-
quence conservation in the QO domain of Cyt b and
Cyt b6/subunit IV proteins is high [48] making the
Cyt b structure a useful model for the QO pocket of
Cyt bf enzymes. Direct involvement of the cd loop
and the PEWY residues in quinol reactions of the
Cyt bf complex have been demonstrated with a Chla-
mydomonas mutant carrying a duplication in the cd
region [49] and by site-directed mutagenesis of Glu78
in the PEWY stretch [50]. In Fig. 8 we have modeled
helices C, D, and the cd loop of the Synechococcus
Cyt b6 polypeptide in place of those in Cyt b. The
spinach Rieske cluster binding domain [24] has been
superimposed on and replaced the Rieske Fe-S do-
main of the stigmatellin bound Cyt bc1 structure [26].
Our data demonstrate that DBMIB binding was
modi¢ed by substitutions in the nearby residues
S159 and A154 but not in D148 which lies closer
to heme bL. Accordingly, DBMIB is shown bound
in proximity to A154 where it could form an H-bond
with one of the His ligands of the Rieske 2Fe-2S
cluster to cause the well-known shifts in the Rieske
EPR signal and midpoint potential upon DBMIB
binding [29,46].
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The position of DBMIB depicted in Fig. 8 is sim-
ilar to that of stigmatellin in Cyt bc1 structures
[26,28,51]. The A154G mutation of Cyt b6 slightly
increased resistance to stigmatellin (Table 2). Stigma-
tellin in Cyt bc1 structures is located within H-bond-
ing distance of the Rieske cluster ligand H161 (equiv-
alent to H128 of spinach). Inhibition results from
tight binding of the Rieske cluster domain to the
QO pocket preventing domain movement and elec-
tron transfer to Cyt c1. Our data suggest that
DBMIB inhibition of the Cyt bf complex operates
by a similar mechanism. A DBMIB semiquinone or
oxidized quinone bound to Cyt b6 and H-bonded to
the Rieske protein could lock the Rieske cluster to
the QO pocket and prevent the domain movement
that seems essential for electron transfer to Cyt f.
From EPR data, Schoepp et al. [31] have similarly
concluded that DBMIB traps the majority of Rieske
proteins at the QO domain of the Cyt bf complex.
From kinetic studies of Chlamydomonas cells, Barba-
gallo et al. [52] suggest that DBMIB binds and acts
from a site within the QO pocket that is more prox-
imal to heme bL (like the myxothiazol site of Cyt bc1
complexes) rather than the more distal, ‘stigmatellin
site’ proposed here. Their results and ours might be
compatible if DBMIB ¢rst binds to a distal site in
the vicinity of A154 (as in Fig. 8), reduces and H-
bonds with the Rieske cluster, and then shifts closer
to heme bL as in the recent reaction mechanism of
Crofts et al. [53]. Recent functional studies provide
direct evidence for Rieske protein conformational
changes both in Cyt bc1 [54,55] and Cyt bf [31,
32,56] complexes. The DBMIB site in the QO pocket
should resemble that of the native plastoquinol
whose concerted, two-step oxidation might also in-
volve an intermediate H-bonded to the Rieske Fe-S
cluster. Binding of hydroquinone or semiquinone to
the Rieske cluster is a consensus theme of recent
models of the bifurcated quinol-oxidation mecha-
nism in cytochrome complexes [51,53].
The substitution D148G in Cyt b6 (Table 2) cre-
ated myxothiazol sensitivity making the Cyt bf com-
plex more like the Cyt bc1 complex. Several Cyt bc1
myxothiazol resistance mutations have been charac-
terized (reviewed in [1,27]) including G152D and
G158A in Cyt b of Rhodobacter capsulatus [33,34].
The corresponding native residues in Cyt b6 are Asp
and Ala (D148 and A154 in Synechococcus), which
suggested that these are important determinants of
the inherent myxothiazol resistance of Cyt bf com-
plexes [33]. We indeed found that the Cyt b6 D148G
substitution created myxothiazol sensitivity. How-
ever, neither the predicted A154G substitution nor
the one at S159 modi¢ed myxothiazol resistance (Ta-
ble 2) indicating subtle but important structural dif-
ferences in the Cyt bf and bc1 quinol binding pock-
ets. These data indicate that myxothiazol binds to a
site in the Cyt bf enzyme more proximal to heme bL
than the DBMIB or stigmatellin sites consistent with
myxothiazol binding in the Cyt bc1 complex [28]
Fig. 8. Model of DBMIB binding in the quinol-oxidation pock-
et of the cytochrome b6f complex. The Synechococcus Cyt b6
domain from transmembrane helices B^D including the lumenal
helices cd1 and cd2 was modeled with the molecular graphics
program Swiss-PdbViewer, version 3.5 (N. Guex and C.
Peitsch) after the structure of the chicken mitochondrial Cyt b
protein [26]. The structure of the spinach Rieske soluble frag-
ment [24] is shown in the position occupied by the Rieske pro-
tein in the chicken Cyt bc1 complex crystallized in the presence
of stigmatellin [26]. Hemes bL and bH, the Rieske H109 and
H128 cluster ligands, and the inhibitor DBMIB are shown as
stick structures. Residues altered by site-directed mutagenesis
are shown in space-¢lling form as is the Rieske 2Fe-2S cluster.
The view was generated by the molecular graphics program
RasMac, version 2.6-ucb 1.0 (R. Sayle).
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(note the position of D148G in Fig. 8). The bulky
D148 residue in Cyt b6 might hinder myxothiazol
binding. However, we could not detect direct steric
clashes of myxothiazol with Asp from computer
modeling when Asp was inserted into Cyt b position
137 (equivalent to Cyt b6 148) of a Cyt bc1 structure.
Additional mutations in the D148G Cyt b6 QO pock-
et should further modify myxothiazol sensitivity.
Our results indicate that the methyl side chain of
Cyt b6 A154 in the native Cyt bf complex slightly
improves DBMIB as well as stigmatellin binding rel-
ative to the smaller Gly residue in the A154G mutant
(Table 2). In the Cyt bc1 complex of R. capsulatus,
only small residues (Gly, Ala, and Ser) at the equiv-
alent Cyt b 158 position support photosynthetic
growth [57]. Large residues at this site might impair
interaction of quinol and inhibitors with the Rieske
Fe-S cluster (see Fig. 8). Contrary to expectation rel-
ative to the Cyt bc1 complex, the S159A mutation in
Synechococcus did not increase resistance to stigma-
tellin. Serine or threonine is almost universally con-
served at this position in Cyt bf and bc1 enzymes [48]
and T163A in Cyt b confers stigmatellin resistance
[33]. DBMIB resistance in the Synechococcus S159A
mutant (Table 2) may result indirectly from the ser-
ine modi¢cation. S159 is on the opposite side of helix
cd1 from A154 and by homology with Cyt b faces
toward helix cd2 (Fig. 8). In the Cyt bc1 structure
[26], the equivalent T148 faces away from the QO
pocket and may interact with W166 on helix cd2 to
stabilize the hairpin fold of helices cd1 and cd2. In
Cyt bf complexes, the tryptophan (W166) is replaced
by an arginine (R177 in Cyt b6 of Synechococcus)
whose side chain could extend close to S159 allowing
for an amide-hydroxyl H-bond. The crucial role of
the equivalent threonine in the Cyt bc1 structure is
shown by mutations of Cyt b T163 in R. capsulatus.
Replacement of T163 with Phe or Pro led to loss of
the Cyt bc1 complex whereas other substitutions can
be compensated by second-site mutations in the
Rieske subunit [30]. We suggest that the S159A mu-
tation in Cyt b6 modi¢es the overall cd1-cd2 fold in a
way that slightly lowers DBMIB but not stigmatellin
binding e⁄ciency.
Data presented here show that nondeleterious site-
directed mutations can be readily introduced into the
cytochrome bf complex of the cyanobacterium, Syne-
chococcus sp. PCC 7002, which serves as an amena-
ble model for investigations of this enzyme. The mu-
tations analyzed suggest binding sites for DBMIB,
stigmatellin, and myxothiazol inhibitors of quinol-
oxidation in cytochrome b6. The data further show
that inhibitor sensitivity of the cytochrome bf com-
plex can be manipulated without compromising cat-
alytic activity.
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